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Third-generation advanced high strength steels (AHSS) are typically given a zinc coating that 
provides excellent resistance to corrosion. During the resistance spot welding (RSW) process, the melted 
zinc coating enables liquid metal embrittlement (LME) where the liquid zinc, acting as an embrittling 
agent, induces cracking in the weld indent, compromising weld strength. This work investigates the 
various factors that influence LME in AHSS and provides a viable solution to suppress LME.  
Hot tensile testing was first used to evalute the LME susceptiblility of the studied steels. It was 
discovered that the austenite content of the steels’ microstructure, Si content in the steels’ chemistry and 
the type of Zn coating all influence the behavior of the ductility trough of the examined steels. As the 
austenite content of the steel increased, the ductility loss caused by LME increased as well. Approximately 
18 vol.% to 31 vol.% austenite is the minimum amount required to trigger the rise in ductility loss of all the 
studied steels. In addition, steels containing a low Si content are more likely to form a layer of Fe-Zn 
intermetallic that acts as a barrier to suppresses LME at temperatures below 670°C. It was also discovered 
that the GA coated steels are far less susceptible to LME than their GI coated counterparts due to it being 
thinner and containing 25 wt.% Fe in its coating.  
A mathematical model capable of estimating the crack index within the weld lobe of each material 
was also developed through resistance spot welding. The model showed that the weld lobe of materials 
where not equally affected by LME. Furthermore, it identified regions within the weld lobe where welds of 
sufficient size could be made while minimizing LME cracks.  
Using the hot tensile testing data and the results from RSW, LME susceptibility of the studied 
steels are ranked.  QP1180GA is the most LME susceptible steel while DP980GA is the least. The 
ductility loss obtained via hot tensile testing shows good correlation with the intensity of LME cracks 
found in resistance spot welds.  
Finally, LME was suppressed in AHSS by placing aluminum interlayers added between the 
electrode and steel contact surface. Compared to welds exhibiting LME, TRIP 1100 with aluminum 
interlayers showed complete strength recovery while TRIP 1200 with aluminum interlayers resulted in a 
recovery of strength by 90%. Aluminum interlayers suppress LME of TRIP steel by formation of iron 
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Chapter 1 Introduction 
1.1 Background 
In 2004, Moomba Gas Plant, South Australia, a fire caused by a mechanical failure led to the 
hospitalization of four workers and the death of one. What triggered the mechanical failure was a 
phenomenon called liquid metal embrittlement (LME) [1]. Liquid metal embrittlement is where certain 
metals experience loss in mechanical properties due to exposure to specific liquid metals [2]. Liquid 
metal embrittlement is also a safety concern during automotive manufacturing. During body-in-white 
assembly, resistance spot welding (RSW) is used to join galvanized automotive steels. The combination 
of welding process and auto material triggers liquid metal embrittlement in the weld which leads to a loss 
in its mechanical performance [3]. At the moment, it is uncertain what types of auto steels are susceptible 
to LME and the degree at which mechanical performance of the weld is affected. This uncertainty poses a 
safety concern for automotive manufactures. As a result, there is a need to better understand liquid metal 
embrittlement in automotive steels and the methods to suppress it.  
1.2 Objectives 
The objective of this thesis is to investigate the various factors that influence LME in AHSS and 
provide a viable solution to suppress LME. The specific objectives are as follows: 
1. Explore the factors that influence LME only from a materials level through hot tensile testing. 
2. Investigate the LME susceptibility of AHSS in a welding environment. Use the welding results to 
validate the hot tensile testing method. 
3. Propose a method to suppress LME cracking and investigate its effectiveness and suppression 
mechanism   
1.3 Criteria and constraints 
The resistance spot welding parameters used in this study were based on the Automotive and Steel 
Partnership standard, and the American Welding Society standard [4,5]. Details regarding these standards 
is in Chapter 3 of the thesis. The hot tensile testing procedures and methods to quantify LME cracking 
can also be found in Chapter 3. Research in this thesis is limited to the 3 grades of AHSS and two types of 
Zn coatings (QP980GI, QP980GA, DP980GI, DP980GA, QP1180GI, QP1180GA) due to interest from 




1.4 Thesis outline 
The thesis is organized into the following eight chapters.  
Chapter 1 introduces the background and necessity of the work, the objectives of the thesis, and 
constraints involved. 
Chapter 2 summarizes the published literature relevant to the thesis. This includes AHSS, RSW and 
LME. It also points out the gap in knowledge that this thesis intends to fill 
Chapter 3 explains the material, experimental procedure, and analysis methods used to fulfill the 
objective 
Chapter 4 uses hot tensile testing to investigate the influence of various factors such as 
microstructure and material chemistry on the LME susceptibility of AHSS. The studied AHSS are also 
ranked from most LME susceptible to least. 
Chapter 5 uses CCD to investigate the influence of various welding parameters on LME cracking. 
new weld lobes are established for each material that leads to minimal LME cracking. The welding results 
are used to validate the hot tensile results in Chapter 4. 
Chapter 6 explores the use of aluminum interlayers to suppress LME cracking. The degree of LME 
suppression was quantified, and the suppression mechanism was investigated.  





Chapter 2 Literature Review 
2.1 Advanced High Strength Steel (AHSS) 
In recent years, environmental concerns have pushed automotive manufacturers to seek more fuel 
efficient cars in order to combat climate change [6–8]. Advanced high strength steels (AHSS) give an 
optimal balance of vehicle weight reduction while retaining mechanical performance, making them one of 
the ideal options to increase vehicle fuel efficiency. 
Advanced high strength steels (AHSS) are a group of steels possessing unique microstructures that 
are strengthened by complex deformation and phase transformation processes. Different types of AHSS 
can achieve a variety of strength and ductility, as shown in Figure 2.1. The AHSS investigated in this thesis 
are dual phase steel (DP), quench and partitioned steel (Q&P), and transformation induced plasticity steel 
(TRIP), due to interest from industry. The characteristics of these steels will be discussed in the following 
sections.   
 
Figure 2.1: Steel strength-ductility diagram illustrating that AHSS can possess a wide range of 
mechanical properties [9]. 
 
2.1.1 Dual Phase (DP) Steel 
DP steel consists of a ferrite matrix with 10-40% of martensite or martensite-austenite islands as 
shown in Figure 2.2. Ferrite contains small amounts carbon in its solid solution and it is ductile due to its 
body center cubic crystal structure [10]. Martensite, however, consist of a supersaturated solution of carbon 
in iron. The high carbon content in martensite distorts its iron crystal lattice, which makes martensite strong 
but brittle [10]. In DP steel, the martensite islands provides strength to the steel while the ferrite matrix 
4 
 
provides ductility. As shown in Figure 2.1, DP steels typically have a tensile strength between 500 –  
1200 MPa while also displaying elongation superior to HSLA steels of the same strength  [9,11]. 
DP steels are manufactured by inter-critical annealing the steel first so a portion of its 
microstructure is austenite at the elevated temperature. Then the steel is quenched to enable the 
transformation of austenite to martensite [9,11]. 
 
Figure 2.2: Schematic of DP steel microstructure [9]. 
 
2.1.2 Transformation Induced Plasticity (TRIP) Steel 
TRIP steels consists of a ferrite matrix with martensite, bainite and a minimum of 5 vol.% retained 
austenite islands embedded in the ferrite matrix as shown in Figure 2.3. More carbon and alloying elements 
such as manganese and silicon are added to TRIP steel as compared to DP steel to stabilize its retained 
austenite at room temperature [10]. Similar to DP steel, the harder phases such as martensite, bainite and 
retained austenite gives the material strength while the softer ferrite matrix provides ductility. When 
strained, the retained austenite phase transforms into martensite, which improves the work-hardening and 
ductility of the TRIP steel [9,11,12].  
TRIP steel is manufactured by first slowly cooling the steel from the austenite region to an 
intermediate temperature above room temperature, producing a partially ferritic microstructure. Then an 
isothermal hold is applied to the steel to produce bainite before it is quenched to room temperature [9,11]. 
Some austenite is retained after quenching due to high concentrations of carbon and manganese stabilizing 




Figure 2.3: Schematic of TRIP steel microstructure [9]. 
 
2.1.3 Quench and Partitioned (Q&P) Steel 
Q&P steel mainly consists of a ferrite matrix with tempered martensite and retained austenite 
islands embedded in the ferrite matrix as shown in Figure 2.4. Q&P steel has similar chemical composition 
as conventional TRIP steel where more carbon and additional alloying elements added to stabilize its 
retained austenite at room temperature [13,14]. The harder phases in Q&P steels such as tempered 
martensite and retained austenite gives the material strength while the softer ferrite matrix provides ductility. 
Similar to TRIP steel, the retained austenite phase transforms into martensite when strained, which 
improves the work-hardening and ductility of the Q&P steel [12]. However, Q&P steel can attain higher 
strength levels than TRIP steels due to its higher martensite content and the heat treatment process [13,14]. 
Q&P steel is manufactured by first quenching the steel from the austenite region to below the 
martensite-start temperature, but above the martensite-finish temperature. This process forms a controlled 
volume fraction of martensite [13,14]. Then during the partitioning step, the quenched steel is held at a 
higher temperature than the quench temperature. In this step, the carbon partitioning from martensite into 




Figure 2.4: Schematic of Q&P steel microstructure [14].  
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2.2 Hot-Dip Galvanizing 
AHSS are usually Zn coated to protect the steel against corrosion. When the Zn coating is undamaged, 
it grants barrier protection where the coating physically separates the steel from the corrosive environment. 
When the Zn coating is damaged and some parts of the steel is exposed, the Zn grants galvanic protection 
where Zn acts as the anode and sacrificially corrodes in place of the steel.  
In this study, the Zn coating have been applied onto the steels via the hot dip galvanization process. 
During hot-dip galvanization, the steel sheet is first pre-heated to the temperature of the zinc bath to 
facilitate adhesion of Zn. Then, the steel sheet is passed through the molten zinc bath where the zinc adheres 
to the steel sheet, hence “hot-dip”. Finally, the excess zinc is removed using air knives to obtain the desired 
coating thickness [9][15]. Typically, the Zn bath contains 0.005 – 0.02 wt.% of aluminum to improve the 
appearance of the coating [15]. This type of coating is referred to as hot-dip galvanized (GI) coating. 
 
Figure 2.5: Cross-sectional view of hot-dip galvanized coating on steel [16]. 
The Zn coating can go through an additional annealing process after hot-dip galvanizing to produce 
galvannealed (GA) coating. Right after the hot-dip process, the Zn coating is annealed at a temperature 
between 450 – 600°C [15] to promote diffusion between the Zn coating and the steel substrate. The final 
galvannealed coating contains 8 – 12 wt.% Fe in the form of Γ, δ, and ζ intermetallic phases as shown in 
Figure 2.6. The GA coating is weaker in terms of galvanic protection than GI coating but it is sometimes 




Figure 2.6: Cross-section of galvannealed coating etched to show the Γ phase at the steel interface, 
along with δ and ζ phases [16]. 
 
2.3 Resistance Spot Welding (RSW) 
RSW Resistance spot welding (RSW) is a fusion welding process where the work piece is melted by 
a high electric current passing between the electrodes and through the work piece [17–19]. RSW is low 
cost, low cycle time and easy to operate, making it the most popular welding process in the automotive 
industry. On average, 3000 – 6000 spot welds are required to assemble a vehicle [20,21].  
 
2.3.1 RSW Fundamentals 
The RSW process consists of five stages in sequence: clamp, squeeze, heat, hold, and release, as 
shown in Figure 2.7.  
 
Figure 2.7: Steps in making a resistance spot weld [22]. 
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In the first stage, the work piece is clamped between the electrodes to secure them in place. In the 
second stage, a squeezing force is applied between the electrodes to minimize the air gaps and asperities. 
In the third stage, an electric current is applied for an amount of time, melting the sheet to sheet interface 
and forming a “weld nugget”. In the fourth stage, the current is turned off while the work piece remains to 
be held between the electrodes. This allows the molten metal to solidify. The amount of time the work piece 
is being held is known as the hold time. In the final stage, the electrodes are released. Resistance spot welds 
are completed so fast that the time required to complete a single weld is only on the scale of hundreds of 
milliseconds.  
The heat generation via electric current is based on joule heating, as shown in Eqs. (2.1).  Q is the 
amount of heat generated, I is the current, R is the resistance across the electrodes, and t is the duration of 
the applied current [17]. 
 𝑄 = 𝐼2𝑅𝑡 (2.1) 
The resistance across the electrodes consists of five individual resistances that are in series as shown 
in Figure 2.8. The five resistances can be categorized into either bulk resistances or interfacial resistances. 
R2 and R4 in Figure 2.8 are bulk resistances of the work pieces. As for interfacial resistances, R1 and R5 
are the interfacial resistances between the electrodes and work pieces and R3 is the interfacial resistance 
between the two work pieces. The interfacial resistance R3 is generally the highest of the five resistances. 
As a result, the majority of the heat generated during RSW is concentrated between the work pieces, 
forming a weld nugget [23].  Because the resistances are in series, they can be summed up to the total 
resistance R in Eqs. (2.1).  
 
Figure 2.8: Breakdown of electrical resistances during RSW [24]. 
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The interfacial resistance R3 is dependent on the surface condition of the steel. In RSW of GI coated 
steel, the GI coating reduces R3 due to melting of the GI coating. As a result, around 10% more welding 
current or weld time is required to weld GI coated steel than its bare counterpart [17].  On the other hand, 
the GA coating is more resistive than GI coating due to its Fe content, making the effect of GA coating on 
the weldability of the steel less pronounced.  
The resistance R also does not remain constant during the welding process. A schematic of the 
resistance R over the period of a weld is shown in Figure 2.9.  As the weld progresses, a series of reactions 
such as elimination of the oxide layer, softening of the asperities, and melting of the work piece take place, 
which changes the resistance R [25,26].   
 
Figure 2.9: Generalized dynamic resistance curve correlated with events during RSW process [25].   
 
2.3.2 Welding Parameters 
The RSW process involves many parameters such as weld current, weld time, electrode force, hold 
time, etc. These parameters control the nugget diameter of the resultant weld. If they are not set up correctly, 
they can also create weld defects. The most important parameters are weld current, weld time, and electrode 
force, as they have a direct effect on the nugget size [18,21].   
The weld current and weld time are the most intuitive to understand. When the other parameters 
are held constant, the heat input increases as either the weld current or weld time increases (Eqs. (2.1)), 
which results in a larger nugget diameter. The heat input is a function of the current squared, meaning 
current has a larger impact to the process compared to weld time. 
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The weld force effectively changes the resistance between the electrodes. All materials’ surfaces 
are uneven and materials that appear to be in contact with each other are in fact only touching at the tips of 
their asperities. A higher electrode force pushes the work pieces closer together, creating more contact area 
between the two work pieces.  More contact area decreases the interfacial resistance, which results in less 
heat input and a smaller nugget diameter [18,19,21]. The weld force also helps to contain the molten nugget 
between the electrodes during heating. If the weld force is not high enough, the molten nugget could eject 
liquid metal out from the sheet to sheet interface. This phenomenon is known as “expulsion” [18,19,21].  
 
2.3.3 Weld Lobe 
The nugget diameter is the major factor that determines the strength and fracture mode of a 
resistance spot weld [18,27]. As a result, only a certain range of nugget diameter is acceptable for 
engineering applications.  The AWS D8.9, a standard for RSW that is widely accepted around the world 
[5], defines the minimum weld diameter to be  
 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑊𝑒𝑙𝑑 𝑆𝑖𝑧𝑒 = 4√𝑡 (2.2) 
where t is the thickness of a single work piece. Undersized welds are undesirable because it reduces the 
strength of the weld. However, the nugget diameter cannot be excessively large either. If the heat input is 
too high, the nugget could outgrow the area being squeezed by the electrode and create expulsion. Expulsion 
is undesirable because it could cause defects in the weld nugget and reduce the strength of the weld [28,29]. 
A weld lobe, such as the one in Figure 2.10, shows the range of weld current and weld time that 
can create acceptable weld nuggets. The welding current and time are varied while the other parameters 
such as weld force and hold time are kept constant. The left side of the lobe is defined by the minimum 
nugget size whereas the right size is defined by the occurrence of expulsion. Welds done inside the weld 
lobe is typically free of defect and of sufficient nugget size. The location and width of the weld lobe is 
heavily dependent on the characteristic of the work piece such as surface conditions, material chemistry, 
sheet thickness, etc [30]. It is generally accepted that a wider and larger weld lobe is better as it indicates 
that a wider range of parameters can be used to make an acceptable weld, making the process more tolerant 




Figure 2.10: Weld lobe of RSW [30]. 
 
2.3.4 Pulsed Welding Schedules 
A welding schedule without pulsing is shown in figure 1. It entails a constant current passing 
through the electrodes for a set amount of time. It is the most commonly used type of welding schedule. In 
a way, it can also be viewed as a single pulse welding schedule. 
 
Figure 2.11: Illustration of a RSW schedule without pulsing [31]. 
The pulsed welding schedule used in this study utilizes pulsing during the welding cycle. A pulsed 
welding schedule, as shown in Figure 2.12, divides the main welding current into two separate pulses. When 
designing a pulsed welding schedule, there is no limit as to the number of pluses, the current for individual 
pulses and the cooling time between pulses. However, pulsed welding schedules in general require longer 
time to complete than welding schedules without pulsing. This reduces the overall productivity of the pulsed 
welding schedules. On the other hand, pulsing slows down nugget growth and delays expulsion, which 
widens the weld lobe [32,33]. This is heavily desired when welding AHSS as AHSS in general have 
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narrower weld lobes than mild and high strength steels [34]. In fact, pulsed welding schedules are 
recommended in RSW standards such as AWS D8.9 and the A/SP standard for welding AHSS sheets 
thicker than 1.3mm [4,35] 
 
Figure 2.12: Illustration a RSW schedule with two pulses [31]. 
 
2.4 Liquid Metal Embrittlement in the Fe-Zn System 
Liquid metal embrittlement refers to the phenomenon where a usually ductile metal experiences 
brittle fracture when stressed in the presence of a specific liquid metal [36]. There are multiple solid/liquid 
metal pairs that cause LME. Cusolid/Biliquid, Alsolid/Galiquid, and Fesolid/Znliquid are some of the notable pairs. 
[2,37–41]. However, only the Fesolid/Znliquid pair will be discussed in this study and all mentions of LME 
only refer to the Fesolid/Znliquid pair.  
The LME severity of zinc coated steels is usually evaluated by tensile testing while the steel 
specimens are in contact with liquid zinc. The fracture surfaces are also examined post fracture. Tensile test 
results reveal that LME can be characterized by the severe reduction in the materials ductility and strength 
at fracture [39,42].  Figure 2.13 presents the tensile curves of a TWIP steel embrittled by liquid Zn. The 
large reduction in the elongation to fracture of the Electro-galvanized specimen as compared to the bare 
specimen is characteristic of the LME phenomenon. Figure 2.13 also shows that the steels mechanical 
properties such as Young’s Modulus, work hardening coefficient and yield strength is unchanged by LME 




Figure 2.13: Tensile Curve of a TWIP steel embrittled by liquid Zn [2]. 
The LME mechanism attacks the grain boundaries of steel and has a high crack propagation rate, 
which results in brittle, intergranular fracture at the fracture interface [44–46]. Observations in the 
transverse plane of a LME crack in TWIP steel as shown in Figure 2.14 clearly depicts the crack to run 
along the steel grain boundaries.  
 
Figure 2.14: LME crack of a TWIP steel embrittled by liquid Zn [2]. 
For LME to occur, three conditions must be met simultaneously: the steel type must be susceptible 
to LME, there must be contact between the steel and liquid zinc, and sufficient tensile stress must be present 
[36]. A possible scenario of LME and the resultant cracking is shown in Figure 2.15. First, the liquid zinc 
penetrates the grain boundaries either by diffusion or by percolation, weakening the grain boundaries 
(Figure 2.15(a)) [45]. In the presence of tensile stresses, these cracks are opened up and is filled in with 
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liquid zinc (Figure 2.15(b)). This allows zinc to penetrate further into the grain boundaries and propagate 
the crack (Figure 2.15(c)). There are a number of factors that influence the occurrence of LME, and they 
will be discussed in the following sections. 
 
Figure 2.15: Possible scenario of LME and crack propagation [2]. 
 
2.4.1 Effect of Temperature 
LME is a temperature dependent phenomenon and a critical temperature range exists in which the 
ductility of the steel is greatly reduced by LME. This critical temperature range is known as the “ductility 
trough” [36]. Since a reduction in ductility directly translates to a reduction in fracture energy, the ductility 
trough can be alternatively plotted as a function of the reduction of fracture energy with respect to 
temperature [46]. Figure 2.16 shows the ductility trough for a TWIP steel defined by the relative reduction 
of fraction energy due to premature fracture caused by LME. The ductility trough of this TWIP steel start 
at 700°C and end at 950°C.  
It is generally recognized in literature that the ductility trough ends at 950°C because it is above 
the boiling temperature of liquid Zn (906°C) and a lack of liquid Zn stops LME. The same rule applies to 
other solid/liquid metal systems where their ductility troughs end at the boiling temperatures of the 





Figure 2.16: Ductility trough of a TWIP steel [46]. 
The starting temperature of the ductility trough in the Fe-Zn system, however, is different from 
other solid/liquid metal systems. The ductility trough for other solid/liquid metal systems start at the melting 
temperature of the embrittling liquid [2,37–41] while the ductility trough of the TWIP steel in Figure 2.16 
start approximately 200°C above the melting point of the liquid Zn. In fact, a number of LME susceptible 
steels only start to be embrittled above 700°C [2,36,45,47,48]. 
Several explanations have been provided for this behaviour. In Figure 2.17, Beal observed that at 
temperatures below 700°C, the critical stress required to initiate LME cracking is higher than the UTS of 




Figure 2.17: Evolution of the critical stress and UTS with temperature [2]. 
Kang observed the formation of solid Fe-Zn intermetallic compounds as the Zn-coated steel is 
heated during hot tensile testing [45]. He commented that the Fe-Zn intermetallic could act as a barrier that 
separates the liquid zinc from the steel substrate. As shown in the Fe-Zn binary phase diagram in Figure 2.18, 
between 672°C and the peritectic isotherm at 782°C, the Γ1 phase could have been dissolved enough for 
liquid zinc to have sufficient contact with the steel substrate to cause LME. The explanations provided by 
Beal and Kang are both good reasons as to why LME in the Fe-Zn systems is observed at temperatures far 
above the melting point of Zn.  
 





2.4.2 Effect of Material Strength 
The strength of the steel influences its susceptibility to LME. The ductility trough of higher strength steels 
have been observed to be wider than lower strength steels [46]. Embrittled steels with higher strengths 
have also been observed to have a higher LME crack density and deeper crack penetrations than lower 
strength steels [50].  
In terms of stress, the crack tip of higher strength steels is subjected to a higher stress state as compared to 
lower strength steels [45]. This higher stress state makes it more probable for steels with higher strength 
to reach their critical stress required to initiate LME as compared to lower strength steels [46].  The LME 
crack propagation mechanism, which relies on the solid state diffusion and percolation of liquid zinc, is 
also enhanced in high stress conditions [45].  
 
2.4.3 Effect of Steel Microstructure 
It is commonly recognized that TWIP and TRIP steels are more susceptible to LME compared to 
other types of steels [33,47,50–54]. As seen in Figure 2.19, the TWIP and TRIP steels experienced reduction 
of fracture energy due to LME at a lower temperature than the DP steel, with the TWIP steel experiencing 
reduction of fracture energy at an even lower temperature than the TRIP steel. Since TWIP and TRIP steels 
have higher austenite content in their microstructure compared to other steel types, it is generally assumed 
that LME sensitivity is related to the presence of austenite [55].  Spot welding experiments also show areas 
that have been transformed to austenite during the spot welding process have more surface cracks compared 





Figure 2.19: Severity of embrittlement of different steels [46]. 
There are two proposed mechanisms for austenite susceptibility to LME. The first is based on stress 
associated with thermal expansion and phase transformation [47]. The second is based on ease of Zn 
transportation between the austenite grain boundaries [45].  
Thermal contraction/expansion in the constrained steel causes stress, which influences LME 
susceptibility of the steel. As shown in Figure 2.20, the thermal expansion of the TWIP steel is twice as 
high as that of the DP steel, which is attributed to the large difference in austenite fraction of their respective 
microstructures [55,57]. The higher thermal expansion of the TWIP steel puts the steel in a higher stress 




Kang noticed the presence of Zn-enriched austenite ahead of the LME crack tip. This observation 
suggests that Zn grain boundary diffusion and liquid Zn percolation along austenite grain boundaries is the 
embrittling mechanism [45]. The liquid zinc favors austenite grain boundaries as the zinc diffusivity in the 
austenite grain boundary is higher than that in ferrite [42]. This makes steels such as TWIP and TRIP steels 
that have a higher austenite content easy to be embrittled by liquid Zn.   
 
2.4.4 Effect of Coating Type 
Although the type of Zn coating greatly influences the LME susceptibility of the steel, there are 
only a handful of dedicated research conducted on the subject. Only the GI and GA coatings will be 
discussed in this section since the steels in this study were only coated with these two types of coatings. 
All studies suggest that GI coated steels are far more susceptible to LME compared to their GA 
coated counterparts. RSW results in Figure 2.21 show that the GI coated steel have the greatest reduction 
in weldable current range due to LME cracks. It has also been observed that GI coated steels have longer 
LME cracks compared to their GA coated counterparts [33,58].  
 






Figure 2.21: Effect of LME on the weldable current range of TWIP steels with different Zn coatings 
[33,55,58]. 
It is generally recognised that LME is reduced if there is intermetallic compound between the solid 
metal and the embrittling liquid [45,55]. The GA coatings contain 10 wt.% Fe on average in the form of 
various Fe-Zn intermetallic between the steel substrate and the Zn coating as shown in Figure 2.6. 
According to the Fe-Zn phase diagram in Figure 2.18, the Γ1 phase has the highest melting point amongst 
the various Fe-Zn intermetallic and it only begins to dissolve above 672°C. Below this temperature, the 
layer of Γ1 intermetallic physically separates the steel from liquid zinc, which reduces the risk of LME in 
GA coated steels [33,55,58]. 
Aluminum build up may also play a minor role in higher LME susceptibility of GI coated steels. Tolf 
noticed aluminum buildup on the electrode from welding GI coated steels whereas no aluminum was 
detected on the electrodes used to weld GA coated steels [52][55]. When welding GI coated steels, the 
buildup of aluminum oxide increases the electrical resistance, which in turn increases the surface 
temperature of the spot weld. A higher surface temperature increases the probability for LME to occur 
[52][55].  
 
2.5 LME in RSW of AHSS 
LME is a concern when spot welding Zn-coated susceptible steels. LME cracks as shown in 
Figure 2.22 is commonly observed in embrittled welds. The LME cracks are identified by their intergranular 




Figure 2.22: Micrographs of resistance spot welds of a TRIP steel with LME cracks circled [62]. 
As explained in Section 2.4, three conditions must be met simultaneously for LME to occur: 
susceptible microstructure, contact between steel and liquid zinc, and sufficient stress. During RSW of Zn 
coated steels, the zinc coating on the steel surface melts from the heat generated at the sheet to sheet 
interface, providing liquid Zn. Weld deformation, non-uniform heat transfer at specific regions, and thermal 
contraction during the cooling stage generates tensile stresses [55]. Both of the above factors paired with a 
susceptible material leads to LME cracks as shown in Figure 2.22.  
 
2.5.1 Effect of Welding Parameters on LME 
As discussed in Section 2.3.2, a number of factors can be adjusted in resistance spot welding. Weld 
current, weld time and electrode force have a direct effect on the heat input, which in turn controls the 
nugget diameter of the weld.  
Several studies have been conducted to gauge the impact of these welding parameters on LME 
cracking in the spot weld[33,58,60]. In general, it is observed that a larger heat input leads to a higher LME 
cracking severity. This is because a high enough heat input results in a fast rate of nugget growth and 
thermal expansion that leads to high stress at LME susceptible locations of the weld [22]. Furthermore, its 
also been observed that LME cracking could only occur when the nugget exceeds a certain size [33,58]. 
In terms of specific weld parameters, several scholars have observed LME cracks only at high 
welding currents [33,56,63]. Choi demonstrated that a longer weld time not only increased heat input, but 
lengthened the amount of time Zn remained liquid, which increased LME severity [54]. A reduction in 
electrode forces decreases the contact area between the electrode and steel sheet. This increases the heat 
input and decreases the cooling efficiency, which leads to an increase in LME crack severity [60]. 
Even though hold time does not directly affect the heat input, it controls the temperature and stress 
state of the steel during the cooling process, which also affects the creation of LME cracks. As shown in 
Figure 2.23, the stress state changes from compressive to tensile when the electrodes are released. A longer 
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hold time gives more time for the weld nugget and surrounding area to cool, which allows the Zn to solidify 
and creates less tensile stress at electrode release [56,60]. 
 
Figure 2.23: Calculated temperature and stress profiles at Type C cracking position [60]. 
 
2.5.2 Quantifying LME Severity 
In the past, there wasn’t any standard methods to quantify LME cracking severity in resistance spot 
welds. Some scholars quantified LME cracks via surface examination by recording the total length of 
surface cracks [52], the total crack surface area [61], and the surface cracking ratio [51]. Other scholars 
quantified LME cracks from the weld cross-section by recording the maximum crack length [33,54,58,64], 
number of LME cracks per weld [53], and mean crack length [53]. The above mentioned methods all failed 
to fully quantify LME cracks. This is clearly shown in Figure 2.24 where the material rankings of their 




Figure 2.24: a. Mean crack length, b. Average number of cracks per weld in samples of AHSS. 
Error bars represent 95% confidence interval [62]. 
A recent discovery have taken a statistical approach to describe LME cracks. Wintjes et al showed 
that the population of LME cracks observed at the weld cross-section follow a log-normal distribution. She 
proposed a term called the “crack index” to describe this distribution with great accuracy. The crack index 






where n is the number of cracks per weld, L is the lognormal median crack length, and t is the sheet thickness. 
Following the invention of the crack index, this method has been used to relate LME cracks to other 
influence factors with great success [65][66]. In this study, the crack index will be used to quantify LME 
cracks observed in resistance spot welds.  
 
2.5.3 Effect of LME on Lap Shear Strength 
LME cracks in resistance spot welds have been shown to negatively affect the lap shear strength of 
spot welds. Choi et al. noticed a loss in lap shear strength in GI coated TRIP1180 only when LME cracks 
were longer than 325 μm [54]. A study by DiGiovanni et al. concluded that crack location was also a 
significant factor in determining if LME cracks would have an impact on lap shear strength. The weld is 
not uniformly load during tensile lap shear testing and only cracks located in highly stressed areas were 
shown to reduce the weld strength [66,67]. From the research results of Choi and DiGiovanni, it seems that 
LME cracks must be located at certain critical regions on the spot weld and be above a minimum length to 
affect the lap shear strength [64]. 
Wintjes et al. discovered that welds experienced more strength loss with increasing crack index as 
shown in Figure 2.25. Her discovery is in line with the observations by Choi and DiGiovanni. An increase 
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in the crack index indicates that the LME cracks are both longer and more in number.  This means that there 
is a higher chance that LME cracks of sufficient size will land at critical regions that will affect the lap 
shear strength of the weld.  
 
Figure 2.25: Relationship between crack index and strength loss for AHSS[62] 
 
2.5.4 Methods for LME reduction in RSW 
As discussed in section 2.5.1, the welding parameters have a large impact on the LME 
severity during RSW. However, LME can be reduced by selecting welding parameters that are not 
favourable for it to occur. This entails lengthening hold time, reducing the heat input by lowering 
the weld current and/or time, and increasing the electrode force [33,54,56,58,60,63]. 
Several alternative welding schedules have also been proposed to reduce LME. Ashiri 
discovered a two-pulse impulse welding schedule designed to manage the heat input better [33,58]. 
Kim and Wintjes both used a pre-pulse to eliminate the liquid zinc prior to the main welding 
current [51,65]. From the hardware side, various scholars discovered that using electrodes with a 
large radius is also effective at reducing LME cracks in the steel [53,56,66,68]. 
However, none of the mentioned methods was capable of eliminating LME cracking in 
highly susceptible GI coated TRIP or TWIP steels that have an ultimate tensile strength above 
1GPa. Furthermore, there has been no study involving resistance spot welding that tried to remove 
the zinc through a chemical reaction as was done by Li et al., who used aluminium shims to 
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eliminate zinc vapour pores in laser lap welds in GI coated steels [69]. More work needs to be done 





Chapter 3 Methodology 
3.1 Materials 
             Five grades of AHSS and two Zn based coatings were investigated in this research. Testing was 
designed to understand the effect of coating type (GI/GA) and material family (DP/QP) on LME in addition 
to ways of suppressing LME in highly susceptible TRIP steels. All of the materials were produced in an 
industrial environment and zinc coated using hot-dip galvanization. The chemical compositions of all 
materials used can be found in Table 3.1. The carbon equivalent (CE) is evaluated with the Yurioka formula 
[70].   
Table 3.1: Composition and coating thickness of provided materials 






Composition (wt %) 
C Si Mn CE 
QP980GI 1.4 12.1 0.18 1.77 2.25 0.37 
QP980GA 1.6 6.9 0.18 1.76 1.78 0.35 
DP980GI 1.5 9.7 0.09 0.45 2.14 0.22 
DP980GA 1.4 6.5 0.09 0.45 2.69 0.26 
QP1180GI 1.6 9.0 0.18 1.67 2.63 0.39 
QP1180GA 1.6 6.7 0.18 1.67 2.61 0.39 
TRIP 1100 1.6 10.0 0.20 1.60 2.17 0.36 
TRIP 1200 1.6 10.0 0.20 1.70 2.30 0.37 
 
3.2 Hot Tensile Testing 
3.2.1 Principle 
High-temperature uniaxial tensile tests were carried out using a Gleeble 3500 thermomechanical 
simulator. The tensile samples were held in place by Cu grips as shown in Figure 3.1. An electrical current 
was passed through the tensile sample and the sample was heated up through joule heating. Temperature of 
the tensile sample was controlled based on feedback from a K type thermocouple welded at the centre of 
the sample while tensile testing was controlled by the displacement of the grips. During the hot tensile 
testing, force, stroke displacement, and temperature was automatically recorded using a 1ms sample 




Figure 3.1: specimen set up in Gleeble 3500 simulator 
3.2.2 Specimen 
Hot tensile testing specimens were prepared in a dog bone shape. Bare and Zn coated specimens 
were both used in this study. The bare specimens were expected to exhibit no LME whereas the Zn coated 
specimens were expected to fracture prematurely due to LME. The tensile curves of Zn coated specimens 
would be compared with bare specimens to quantify the severity of LME.  
For the bare specimens, the Zn coating was completely stripped off. For the Zn coated specimens, 
the Zn coating was stripped off all of the surfaces except for the gauge area on the side where the 
thermocouple was not welded on. Partially stripping Zn off Zn coated specimens prevents Zn sticking to 
the Cu grips when the specimens are heated.  It also prevents the interaction between the Zn and the 
thermocouple resulting in increased LME susceptibility [46].   
The methodology used to prepare the specimens is as follows. All hot tensile specimens were 
waterjet cut and oriented so the tensile direction is perpendicular to the rolling direction. The dimensions 
of the hot tensile specimens are illustrated in Figure 3.2.  
  
Figure 3.2: Hot tensile specimen geometry. All dimensions are in mm.  
Before stripping the Zn coating, 3M masking tape (S-6540) was first applied on the gauge area of 
the Zn coated specimens where the zinc coating must remain intact. Then, both the bare and Zn coated 
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specimens were submerged in a solution of 50% hydrochloric acid and 50% water, for 30-60s to strip off 
the Zn coating. Finally, both the bare and Zn coated specimens were washed in a solution of 50% 
isopropanol and 50% water and dried in air. The masking tape was peeled off Zn coated specimens after 
drying, revealing intact Zn coating only at the gauge area.  
 
3.2.3 Thermo-mechanical Cycles 
Hot tensile tests were performed similar to the thermo-mechanical cycle shown in Figure 3.3. The 
specimen was heated in an atmospheric condition to the target temperature at a heating rate of 1000°C/s 
while the grips were allowed to expand with the thermal expansion of the coupon. 1000°C/s was chosen to 
replicate the temperature history of the steel sheets during RSW. When the target temperature was reached, 
the specimen was held for 0.5s for the temperature to stabilize throughout the sample before the specimen 
was strained at a constant displacement speed of 1mm/s until sample fracture. Additional extensometers 
were not used to measure strain. After fracture, the specimens were air cooled to room temperature.   
 
 
Figure 3.3: Thermo-mechanical cycle 
  
The engineering stress strain curves are calculated from the recorded force and displacement values 

















where F is the force applied to the specimen, S0 is the initial section of the specimen, ∆l is displacement of 
the copper grips and l0 is the initial gauge length of the specimen, which is 10 mm according to Figure 3.2 
 
3.3 Effect of Weld Current, Time and Force on LME Cracking 
3.3.1 Welding Equipment 
The steel sheets were sheared into coupons of 25 x 25 mm for crack analysis. All coupons were 
cleaned with ethanol prior to welding. All spot welds were made using a 60Hz single-phase AC welding 
machine with class 2, female, B-type electrode caps having a face diameter of 7mm.   
A triple pulse welding schedule is used for all welding procedures as shown in Figure 3.4. The 
welding schedule is recommended by A/SP[4] and consists of three identical pulses. Specific welding 
parameters such as the current, weld time and force varies depending on the thickness, material chemistry, 
and design of the experiments.  Their exact values are discussed in Section 3.3.2. 
 




3.3.2 Central Composite Design 
Studies have shown that weld current, weld time, and electrode force affect heat input, which in 
turn influence nugget diameter and LME severity [33,54,56,60,63]. Faced centered central composite 
design (CCD) was used to further quantify the effect of current, weld time and electrode force on the 
materials of interest while the cool time and hold time remained constant. The use of CCD allows the 
experimenter to check for interaction and quadratic effects between the variables. The CCD in this study 
was engineered so there are two replicates on both the corner and star points and five replicates on the 
center points.   
Table 3.2 is the welding schedule used for spot welding materials in Table 3.1, having a thickness 
between 1.30 mm and 1.59 mm whereas   
32 
 
Table 3.3 is the welding schedules for materials equal to or greater than 1.60 mm thick. In both 
Table 3.2 and   
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Table 3.3, the baseline welding condition, coded as 0, is derived from recommendations given by 
the auto/steel partnership [4]. The low and high levels of weld current, weld time, and force are coded as -
1 and +1 respectively. The cool time and hold time is constant for all levels 
In both tables, Imin is the current at which a minimum acceptable nugget size of 4√𝑡 can be achieved, 
where t is the thickness of a single sheet of material [5]. Imax, the expulsion current, is defined as the 
minimum current where three consecutive welds show expulsion. Imin and Imax was determined for each 
material as shown in Table 3.4.  
Table 3.2: Parameters and levels applied in 23 factorial design for materials between 1.3mm- 
1.59mm thick 
Parameters Symbols level 
  
-1 0 1 
weld current (kA) A Imin (Imax+Imin)/2 Imax 
Weld time (Cycles) B 6 7 8 
Weld force (kN) C 3.2 4.2 5.2 
Cool time (Cycles)  1 1 1 





Table 3.3: Parameters and levels applied in 23 factorial design for materials ≥1.6mm thick 
Parameters Symbols level 
-1 0 1 
weld current (kA) A Imin (Imax+Imin)/2 Imax 
Weld time (Cycles) B 7 8 9 
Weld force (kN) C 4.3 5.3 6.3 
Cool time (Cycles)  2 2 2 
Hold time (Cycles)  10 10 10 
 
Table 3.4: List of Imin and Imax for all materials of interest 
Steel Grade 
Sheet Thickness  
(mm) 
Imin (kA) Imax (kA) 
QP980GI 1.4 7.9 9.6 
QP980GA 1.6 7.2 9.3 
DP980GI 1.5 9.3 11.5 
DP980GA 1.4 7.5 9.5 
QP1180GI 1.6 8.3 9.3 
QP1180GA 1.6 7.4 9.1 
 
After the welds were completed according to the CCD design as outlined in Table 3.2 and   
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Table 3.3, the samples would be cross-sectioned and the nugget size and crack index data would 
be gathered following the procedures outlined in the crack analysis Section 3.4. 
The statistical significance of each parameter and their combinations were evaluated using the 
Minitab software at 5% significance level. A multiple regression analysis was performed on a regression 
model, which corresponds to the following second order response function [71]:  
 











where 𝛽0, 𝛽𝑖, 𝛽𝑖𝑖 and 𝛽𝑖𝑗 are the coefficients of intercept, linear, quadratic and interaction variables. y is the 
dependent variable or the response, 𝑥𝑖 and 𝑥𝑗 are the independent variables in coded unit, and ε is the error 
term that accounts for the effects of excluded parameters. During the analysis, coefficients that caused the 
model (Eqs. (3.3)) to best fit a set of response variable data were determined by the least squares method 
with the aid of the Minitab software. 
 
3.4 Suppression of LME via Aluminum Interlayer 
3.4.1 Resistance Spot Welding with Aluminum Interlayer 
TRIP 1100 and TRIP 1200 were the materials used in this study as they were shown in previous 
studies to be severely affect by LME cracking[59,64,67]. To measure how LME from the GI coating and 
the addition of the aluminum interlayer affect joint strength, samples were welded in three conditions.  First, 
the zinc was stripped and the bare steel coupons were welded to measure the joint strength in the absence 
of LME.  Secondly, the samples were welded in the as-received GI condition, to measure how joint strength 
is affected by LME.  Lastly, samples were welded in the as-received zinc coated condition with aluminum 
interlayers placed between the outside surface of the joints and the electrodes.  
The aluminum interlayer samples were prepared by placing aluminum foil between the zinc coated 
steel sheet and electrode contact surfaces. The welding electrodes would hold the sheets and foils in place 




Figure 3.5: Welding setup for aluminum interlayer 
All samples were cleaned with acetone to remove surface contamination prior to welding. All welds 
were performed on a medium frequency DC resistance spot welder. Aside from weld current, the welding 
parameters such as heating time, cooling time, hold time, and electrode force were selected based on 
recommendations by AWS D8.9 [35] and listed in  
Table 3.5 Weld parameters in accordance with AWS D8.9 [35]. 








TRIP1100 1.6 7.0 5.5 12 – 2 - 12 10 
TRIP1200 1.6 7.0 5.5 12 – 2 - 12 10 
 
It has been shown that LME is more prominent at high welding currents [51,55]. To trigger LME 
as well as normalize welding conditions across different materials, coated samples of TRIP 1100 and TRIP 
1200 were welded at expulsion current (Imax). 
Since nugget diameter is the main determining factor for weld strength [72], the welding current 
for aluminum interlayer samples were increased by 8% to account for the thickness and resistance of 
aluminum interlayers.  This ensured that the weld nuggets in the samples welded with aluminum interlayer 
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would be the same diameter as the weld nuggets produced in the other two conditions. The welding currents 
and average nugget diameters for all material conditions are listed in  
Table 3.6. Five welds are examined for each material condition. 
Table 3.6: Welding current and nugget diameter for all material conditions 
Material Condition Welding Current 
(kA) 
Avg Nugget Dia. 
(mm) 
Coated TRIP1100 11 7.16 
Uncoated TRIP 1100 11 7.27 
Coated TRIP 1100+Al interlayer 11.9 7.19 
Coated TRIP 1200 11 7.27 
Uncoated TRIP 1200 11 7.19 
Coated TRIP 1200+ Al interlayer 11.9 7.21 
 
3.4.2 Lap Shear Testing 
The lap shear test is a common testing method for evaluating static weld strength since most welded 
structures are designed to carry tensile shear loads. Five samples from each material condition were lap 
shear tested. The lap shear samples were welded according to geometries illustrated in Figure 3.6. All lap 
shear tensile tests were performed using Instron Model 4206 tensile tester. A cross head speed of 2 mm/sec 
until failure was used for all samples. The mean lap shear strength for each material condition is plotted 




Figure 3.6 Schematic of lap shear coupon 
 
3.5 Crack Analysis 
After samples in Section 3.3 and Section 3.4 were welded, a stereo microscope at low (2 – 3 X) 
magnification was used to inspect for surface cracks.  The cross-sectional plane for a weld was chosen so 
that it would intersect through both the center of the weld nugget and the greatest number of surface cracks 
as shown in Figure 3.7.  
 




After cross-sectioning, all samples were hot mounted, ground and polished to a 1um diamond finish. 
Nital etching reagent at 5 wt.% concentration was used to reveal the macrostructure of the samples and 
LME cracks. The diameter of weld nugget and LME crack depths were measured for all the samples on the 
metallographic cross-sections of the welds as shown in Figure 3.8. 
 
Figure 3.8: Measurement of nugget size and LME crack depth 
The distribution of crack depths was used to calculate an LME crack index [62]. Since multiple LME cracks 
with varying lengths are present in a single weld as seen in Figure 3.8, the crack index simplifies the 
observation and provides a single value to gauge the severity of LME cracking for each crack type. The 
cracking index is defined in Eqs (2.3) and a higher crack index indicates a higher severity of LME cracking.  
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Chapter 4 LME Susceptibility of Steels as Measured Using 
Hot Tensile Testing 
LME susceptibility of steels is usually determined though hot tensile testing. Currently, a majority of 
studies evaluating LME susceptibility of steels only focuses on GI coated TWIP, TRIP and DP steels 
because earlier studies suggest they are highly susceptible [2,45,57,62,66]. There is little information on 
the LME susceptibility of QP steels because it is a newer type of steel. The LME susceptibility of GA 
coated steels have rarely been investigated either cause GI coated steels are more popular amongst 
automotive manufacturers in North America.  In this study, hot tensile testing was conducted on QP1180, 
QP980 and DP980 that have been either GI or GA coated to study the LME susceptibility of the various 
combinations of steels and Zn coatings. From their ductility troughs, the influence of temperature, coating 
type, microstructure and material strength on LME have were established.  
 
4.1 Confirmation of LME 
Hot tensile results in Figure 4.1 shows that at 800°C, the GI coated QP1180 steel fractured at a strain 
of 0.15 whereas the bare steel fractured at a strain of 0.45. In short, the GI coated steel fractured at a 
substantially lower strain compared to its bare counterpart. Before any further analysis was conducted, the 
fracture surface of the bare and GI coated specimen were examined by SEM to determine if the premature 




Figure 4.1: Engineering stress strain curves of Bare and GI coated QP1180 steel hot tensile tested at 
800°C. 
Figure 4.2(A) reveals high amounts of inter-granular cracking at the fracture surface of the GI coated 
QP1180, similar to what scholars have observed at LME cracks as shown in Figure 2.14. The sample also 
experienced brittle fracture as evidenced by minimal necking in Figure 4.2(B). Both observations are 
characteristic of the LME phenomenon [48]. In comparison, the bare steel sample experienced ductile 
fracture, as revealed by a high degree of necking and dimple like voids at the fracture surface shown in 
Figure 4.2(A) and Figure 4.2(B) respectively.  
Observation of the fracture surface confirms that the premature failure is indeed caused by LME. 
Furthermore, the GI coated steel had the same elastic and plastic behavior of the bare steel prior to 






















Figure 4.2: (A) Detailed fracture surface of GI coated QP1180 steel hot tensile tested at 800°C (B) 
Overall fracture surface 
  
Figure 4.3: (A) Detailed fracture surface of QP1180 bare steel hot tensile tested at 800°C (B) 
Overall fracture surface 
 
4.2 Influence of Temperature 
The influence of temperature is investigated first because it was observed to have the most significant 
affect on LME susceptibility [2,36,45,47,48]. Due to the variety of steels tested in this study, the hot tensile 
behaviors of six types of steels and coating combinations are available. The hot tensile results of GI coated 
QP1180GI is used first to discuss the influence of temperature on LME because this combination was 
observed to be the most susceptible. 
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Hot tensile testing is conducted from 500°C to 1000°C at 100°C intervals for all the examined steels. 
The point of fracture for a Zn coated specimen is defined at the engineer stress and engineering strain when 
the hot tensile curve of the GI coated steel starts to deviate from the tensile curve of its bare steel counterpart. 
The point of fracture for a bare steel is defined at the engineering strain when its engineering stress drops 
to zero.  
The select hot tensile results of GI coated QP1180 in Figure 4.4 shows that as temperature increased, 
premature fracture happened at lower engineering strains. Figure 4.4 also shows that as temperature 
decreased below 900°C, premature fracture only happened after necking has initiated. Both observations 
are consistent with the hot tensile results of DP steels observed by Jung et al [57]. 
 
Figure 4.4: Engineering stress strain curves of Bare and GI coated QP1180 steel hot tensile tested at 
600°C, 700°C and 900°C respectively 
Fracture strain is plotted as a function of temperature for both the bare steel and the GI coated steel 
as shown in Figure 4.5(A). The fracture strain for the bare steel samples did not increase with increasing 
temperature. The dip in engineering strain for the bare steel sample observed at 900°C is likely caused by 
ductility-dip cracking and not an error in measurement [73]. On the other hand, the fracture strain for the 
GI coated samples between 500°C to 900°C dropped sharply as temperature increased due to LME [57]. 




Figure 4.5: (A) Engineering strain at fracture of bare and GI coated QP1180 steel during hot tensile 
testing (B) Ductility trough of GI coated QP1180 steel 
The critical temperature range in which the ductility of the steel is greatly reduced is know as the 
ductility trough [36,46]. The ductility trough is a popular tool to describe LME in a variety of solid/liquid 
systems [2,36–41,46]. The ductility trough for GI coated QP1180 steel in Figure 4.5(B) is calcuated from 
the engineering strain data in Figure 4.5(A) by using Eqs. (4.1). An increase in ductility loss indicates an 





× 100% (4.1) 
 
The ductility trough of GI coated QP1180 steel is between 500°C to 900°C as shown in 
Figure 4.5(B). From 500°C to 600°C, the ductility loss slightly increases and 25% ductility loss was 
observed on average. From 600°C to 900°C, the ductility loss rises sharply and peaks at 900°C with a 
ductility loss as high as 80%! From 900°C to 1000°C, the ductility loss decreases sharply.  No ductility loss 
was observed at 1000°C. 
Its interesting that 23% ductility loss was observed at 500°C. It is even conjectured that the ductility 
trough of GI coated QP1180 steel may even extend to the zinc melting point of 412°C. Little information 
is available for the LME susceptibility of steels below 600°C since a majority of steels are only susceptible 
to LME above 700°C, and the minimal test temperatures commonly only extend to 600°C.  Only Barthelmie 
et al observed ductility loss in FeMn steel at temperatures as low as 450°C [53]. The LME susceptibility of 
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GI coated QP1180 at temperatures below what is commonly observed in literature provides new insight 
into the influence, or lack thereof of austenite on LME susceptibly below 600°C [57,74]. 
From 600°C to 900°C, the ductility loss of the GI coated steel rises with increasing temperature, 
which indicates a rise in LME susceptibility. This is the temperature range where a majority of reported 
TRIP, TWIP and DP steels start to exhibit ductility loss as well [46,48,57]. The rise in ductility loss with 
increasing temperature is commonly attributed to two factors. First, more liquid zinc is available as 
temperature increases [33,58]. Second, the critical stress required to initiate LME decreases with increasing 
temperature [2,49]. Both factors makes the zinc coated steel more embrittled as temperature increases, 
which leads to premature fractures at lower engineering strains.  
QP1180 steel and other reported materials do not experience ductility loss above the zinc boiling 
point (904°C) [46,48,53,57]. Above this temperature, there is no liquid zinc to trigger LME, which leads to 
the ductility recovery of LME susceptible steels.  
While the hot tensile test results of GI coated QP1180 steel is analyzed first in this section, the hot 
tensile behaviors of other types of GI coated steels are also available. Their ductility troughs in Figure 4.6 
show that below 900°C, the ductility loss of QP980 and DP980 also increases with increasing temperature. 
Furthermore, no ductility loss was observed at 1000°C for both steels, similar to what was seen from the 
hot tensile testing of QP1180. 
However, it is clear that there are differences between the ductility troughs of the investigated steels.  
QP1180 and QP980 experienced ductility loss at 500°C whereas DP980 only begun to experience ductility 
loss at 800°C. Furthermore, the degree of ductility loss is different between steels across all temperature 




Figure 4.6: Ductility trough of GI coated QP1180, QP980 and DP980 steels 
 
4.3 Influence of Material Microstructure and Chemistry 
Since GI coated QP980 and DP980 steels are included in this study, it is convenient to compare the 
two steels that have the same tensile strength but different microstructures and chemistries to observe their 
influences on LME susceptibility. 
The only notable similarity between the ductility troughs of QP980 and DP980 as shown in 
Figure 4.6 is that the ductility troughs of both steels generally increase with increasing temperature up to 
around 900°C. On the other hand, the ductility trough of QP980 begin at 500°C whereas the ductility trough 
of DP980 begin at 800°C. Furthermore, QP980 experiences more ductility loss than DP980 globally. The 
difference in the austenite content in the steels’ microstructure and the Si contents in the steels’ chemistry 
are the major differences between the two materials. The influences of theses factors on the ductility loss 
of the steels are discussed in Section 4.3.1 and Section 4.3.2 below.  
 
4.3.1 Influence of Austenite Content 
It is generally accepted that LME sensitivity is affected by the austenite phase content of the 
microstructure [55]. Some theorize that the austenite microstructure is inherently more sensitive to liquid 
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metal embrittlement [45][56]. Others say the dissimilar thermal expansion coefficients caused by austenite 
transformation in some materials may cause tensile stress to develop which promotes LME [57].  
In order to determine the austenite content with respect to increasing temperature for the steels of 
interest, dilatometry was performed by heating the steels to 1100°C at a heating rate of 10°C/s. The zone 
of negative slop in the dilation curves shown in Figure 4.7 between 700°C and 1000°C is caused by the 
volumetric decrease when ferrite (α) is transformed to austenite (ɣ) [75]. The slight decrease in the dilation 
curves observed at 500°C for all the steels is caused by the decomposition of martensite into cementite [76]. 
 
Figure 4.7: Dilatometry curve of QP1180, QP980 and DP980 bare steel heated at a rate of 10°C/s 
It is clearly shown in Figure 4.7 that the thermal expansion coefficient is similar between all the examined 
steels as opposed to the findings by Jung [47]. The difference in thermal expansion did not cause the QP 
and DP materials to have different amounts of ductility loss.   
The austenite percentage of each steel between the temperature range of 500°C and 1000°C is 
calculated from the dilatometry curves in Figure 4.7 by using a graphical method similar to the lever rule 
as shown in Figure 4.8 developed by Myers et al [77]. At any temperature, a vertical line may be drawn to 
intersect the dilation curve and the tangent lines.  The volume fraction of transformed austenite at that 








Where AB represents the amount of austenite already transformed. AC represents 100% of the transformed 
austenite. 
 
Figure 4.8: Dilation curve showing graphical construction used to calculate fraction of phases 
formed. TS and TE indicate the start and end temperature of transformation. 
It is known that QP materials must have retained austenite in the room temperature condition [78]. 
XRD results indicate that QP1180 and QP980 contain 6 vol.% and 2 vol.% retained austenite respectively 
while DP materials do not have any retained austenite. The XRD results are combined with the dilatometry 
data to construct Figure 4.9, which depicts the austenite transformation rate with respect to temperature. In 
Figure 4.9, the austenite content in all the steel increases as temperature increases. At the same temperature, 
the difference in steel chemistry resulted in QP1180 having the highest austenite content, followed by 
QP980, and then DP980. DP980 is required to be approximately 50°C hotter to have the same of austenite 





Figure 4.9: Fraction of austenite transformed versus temperature for a heating rate of 10°C/min 
A relationship between austenite content and ductility loss is visualized in Figure 4.10 by 
combining the ductility loss with respect to temperature data in Figure 4.6 and the austenite content with 
respect to temperature data in Figure 4.9. The ductility loss of the steels in Figure 4.10 generally increases 
with increasing austenite content.  A possible explanation is that austenite grains exacerbates LME by 
facilitating Zn diffusion and liquid Zn percolation along its grain boundaries [45]. The decrease in ductility 




Figure 4.10: Relationship between austenite content in the steel and the ductility loss caused by 
LME. Arrows indicate the point which ductility loss start to increase sharply for each material 
Some scholars argue that a minimum amount of austenite is necessary for the occurrence of LME 
[46], whereas others claim that a microstructure fully transformed to austenite is a key parameter for the 
occurrence of LME [56]. The arrows in Figure 4.10 indicate the austenite content after which ductility loss 
of the steel start to rise sharply. For GI coated QP1180 and QP980 steel, the ductility loss of both steels 
only started to increase greatly above 18 vol.% and 20 vol.% austenite respectively. Below this threshold, 
while the steels still experienced ductility loss due to LME, the amount of ductility loss is not greatly 
influenced by the austenite content of the steels. Similarly, for GI coated DP980, the ductility loss of the 
steel only started to increase greatly above 31 vol.% austenite. Below this threshold, GI coated DP980 
experienced minimal ductility loss. From observations above, it is concluded that 18 vol.% to 31 vol.% 
austenite is the minimum amount required to trigger the rise in ductility loss in all the studied steels. Above 
this range of austenite content, an increase in austenite content leads to more ductility loss.  
 
4.3.2 Influence of Si Content 
As mentioned in Section 4.2, the QP980, QP1180 steel in this study, and a FeMn steel from 
Barthelmie et al. experienced ductility loss at temperatures below 600°C. On the other hand, the DP980 
steel and a majority of studied steel in literature only experienced ductility loss above 700°C. It is 
discovered that this difference is due to the Si content of steels, which is rarely mentioned when studying 
the LME susceptibility of steels.  
51 
 
Si content in the steel plays an important role in controlling the speed of Fe diffusion into the Zn 
coating, which influences Fe-Zn intermetallic formation in the Zn coating. During hot dip galvanizing, Fe 
may diffuse into the Zn coating forming various Fe-Zn intermetallic as shown in Figure 2.5. According to 
the Fe-Zn binary phase diagram in Figure 2.18, the highest melting point of the Fe-Zn intermetallic start to 
dissolve above 672°C, which is well above the melting point of pure Zn at 419°C [15,79]. This layer of Fe-
Zn intermetallic may act as a barrier that prevents contact between the liquid Zn and the steel substrate 
below 672°C, which should translates to no ductility loss during hot tensile testing at temperatures below 
600°C [45,55].  
On the other hand, the dissolution of Si from the steel into the Zn coating during hot dip galvanizing 
can inhibit the dissolution of Fe into the molten Zn [80][81], which suppresses the various Fe-Zn 
intermetallic phases. Specifically, a Si content above 0.5 wt.% is required for this reaction to occur [80][81].  
The DP980 in this study only has a Si content of 0.45 wt.%, which not sufficient to suppress Fe-Zn 
intermetallic formation. Both QP980 and QP1180 in Table 3.1 have a Si content above 1.6 wt.%, which is 
more than enough to suppress the formation of Fe-Zn intermetallic. To confirm that Si content lead to a 
difference in Fe-Zn intermetallic formation between these steels, the thickness and composition of the zinc 
coating on QP980GI and QP1180GI was analyzed using EDX, as shown in Figure 4.11 and Figure 4.12 
respectively. When analyzing the EDX line scans, the boundary of a material layer was defined as the point 
at which the height of the EDX curve decreased to half of its peak height [22].  
To estimate the thickness of the Fe-Zn intermetallic layer in Figure 4.11, the half height was first 
determined for both Fe and Zn. A vertical line was drawn at the point where the Fe line scan intersected 
with the half height line of Fe to determine the transition point between the Fe and Fe-Zn intermetallic. A 
second vertical line was drawn where the Zn line scan intersected with the half height line of Zn to 
determine the transition point between the Zn and the Fe-Zn intermetallic. The distance between the two 
lines is the Fe-Zn intermetallic thickness[22].  
The Fe-Zn intermetallic thickness for DP980GI in Figure 4.11 was approximately 3 um whereas 
the Fe-Zn intermetallic thickness for QP1180GI in Figure 4.12 was measured less than 0.5 um. QP1180 
having a Si content above 1.6 wt.% did suppress the formation of Fe-Zn intermetallic where as DP980 
having a Si content of 0.45 wt.% did not. As a result, DP980GI steel only started to exhibit ductility loss 
above 700°C due to the barrier effect of the Fe-Zn intermetallic whereas the QP steels in this study exhibited 
LME at temperatures below 600°C, as shown in Figure 4.6. 
In the same line of thought, All of the GA coated steels should exhibit no ductility loss at 
temperatures below 700°C, as the GA coating in generally have high amounts of Fe content in the Zn 
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coating due to the annealing process. The difference of ductility loss in terms of Zn coating types will be 
discussed in detail in Section 4.4.  
 
Figure 4.11: EDX line scan of GI coated DP980 and measurement of Fe-Zn intermetallic thickness. 
Fe is in blue, Zn is in red. 
 
 
Figure 4.12: EDX line scan of GI coated QP1180 and measurement of Fe-Zn intermetallic 
thickness. Fe is in blue, Zn is in red. 
 
4.4 Influence of Coating Type 
As hinted in Section 4.3.2, all the GA coated steels should experience no ductility loss at temperatures 
below 700°C.  The ductility troughs of GA coated steels in Figure 4.13 show that the GA coated steels 
indeed experienced no ductility loss at temperatures below 700°C.  Furthermore, The GA coated steels 




Figure 4.13: Comparison of LME severity due to GI and GA coatings in (A) QP1180GI, (B) QP980GI 
and (C) DP980GI. 
It is important to note that the GA coating is on average 30% thinner than the GI coating as indicated 
in Table 3.1. SEM observations of the GI and GA coating in Figure 4.14 also show the GA coating to be 
thinner than the GI coating. EDX scans of the GA coating at Loc.1 in Figure 4.14(A) shows that the GA 
coating contains 21.2 wt.% Fe on average, meaning there is less Zn available in the GA coating. Overall, 
because the GA coating is alloyed with Fe and thinner than the GI coating, there is less liquid zinc available 
for LME, which translates to less ductility loss for the GA coating [45,55].  
Not only is Zn less abundant for the GA coating, the GA coating is also inherently less susceptible 
to LME than the GI coating due to its high melting point. GA coatings in general are produced by annealing 
the galvanized steel at elevated temperatures, which results in a portion of the zinc layer to transform into 
𝛼-Fe (Zn) and various Fe-Zn intermetallic compounds[15,16,79,82]. EDX line scan of the GA coating on 
QP1180 steel (Figure 4.14(A)) confirms that the GA coating is indeed rich in Fe whereas minimal Fe is 
present in the GI coating (Figure 4.14(B)). EDX spectrum at Loc. 1 (Table 4.1) identifies the Fe-Zn 
intermetallic to be mostly Γ1 phase, which can only start to dissolve after it has fully transformed to Γ phase 
at approximately 672°C, as shown in Figure 2.18. On the other hand, EDX spectrum at Loc. 2 (Table 4.1) 
identifies the GI coating on QP1180 to be pure Zn, which melts at 419°C. The melting point of GA coating 
is approximately 250°C higher than the GI coating, which makes it less likely to cause LME cracking. 




Figure 4.14: EDX line scan of the (A) GA and (B) GI coating on QP1180 steel prior to hot tensile 
testing. Fe is shown in red, Zn in cyan. 
Table 4.1: EDX spectrums showing weight percentage of Fe and Zn from Figure 4.14 
Spectrum Fe wt-% 
Zn 
wt-% 
Loc. 1 21.2 78.8 
Loc. 2 0.0 100.0 
 
 
4.5 Material Ranking 
Part of the goal of hot tensile testing is to determine the best combinations of steels and zinc coatings 
that are least susceptible to LME. To rank the combinations from best to worst, the average ductility loss 
of the respective combination is used. The average ductility loss is calculated as shown in Eqs. (4.3)  
 








where Tmelt is the zinc melting point, Tboil is the zinc boiling point and D is the ductility loss obtained from 
hot tensile testing at specified temperatures. The temperature range of liquid zinc is used because the 
presence of liquid zinc is a critical factor in triggering LME [36]. 
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The average ductility loss can better reflect each combination’s susceptibility to LME than the 
ductility loss at arbitrary temperatures or the maximum ductility loss for each combination. Since the LME 
cracks may experience maximum temperatures ranging from 700C to 900C during welding [47][33], The 
average ductility loss best reflects the material’s susceptibility to LME on average when the welding 
schedule isn’t specified.   
The average ductility loss for each material and coating is shown in Figure 4.15. It is clear that GI 
coated QP1180 is most susceptible to LME whereas GA coated DP980 and QP1180 are the least susceptible. 
QP1180GA and DP980GA should be chosen for applications where LME susceptibility is a critical factor.  
   
Figure 4.15: Average ductility loss of examined steels 
 
4.6 Summary 
The LME susceptibility of QP and DP steels of varying strengths and coating types have been 
evaluated via hot tensile testing. It was discovered that the austenite content of the steel microstructure, Si 
content in the steel’s chemistry and the type of Zn coating all influence the behavior of the ductility trough 
of the examined steels.  
As the austenite content of the steel increased, the ductility loss caused by LME increased as well. 
Approximately 18 vol.% to 31 vol.% austenite is the minimum amount required to trigger the rise in 
ductility loss of all the studied steels. In addition, steels containing a low Si content are more likely to form 
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a layer of Fe-Zn intermetallic between the steel substrate and the Zn coating. The Fe-Zn intermetallic acts 
as a barrier that suppresses LME at temperatures below its melting point of approximately 672°C. It was 
also discovered that the GA coated steels are far less susceptible to LME than their GI coated counterparts 
are. The GA coating contains less Zn than the GI coating because it is thinner and alloyed with Fe. The Fe 
alloying also causes the melting point of the GA coating to be 250°C higher than the GI coating. Finally, 
the LME susceptibility of the steels are ranked via their average ductility loss.  QP1180GA is the most LME 




Chapter 5 Investigation into the Influence of Welding Parameters on 
LME via CCD 
LME cracking is observed when spot welding LME susceptible steels. The LME susceptibility of the 
steels was investigated via hot tensile testing in chapter 4, which provided insight into the fundamental 
factors that influence LME susceptibility independent of the welding parameters. On the other hand, 
welding parameters also greatly influence the degree of LME cracking in the spot weld. In this chapter, the 
influence of welding parameters on the LME cracking severity in the spot weld was investigated via the 
central composite design (CCD) method. New weld lobes containing minimal LME cracks was also 
established for a majority of the studied steel.  
 
5.1 Construction of CCD  
Central composite experiment design (CCD) is an efficient methodology that minimizes redundant 
testing while also delivering robust results. It is used in this study to quantify the effect of weld current, 
weld time and electrode force on LME cracking severity for each steel. New weld lobes containing minimal 
LME cracks can also be established from the CCD results. While a CCD is constructed and implemented 
for each of the Zn coated QP and DP steels shown in Table 3.1, only the construction and analysis of the 
CCD for the GI coated QP980 steel will be discussed in detail, as the variation in material do not change 
the construction and analysis process.  
The faced centered CCD design for GI coated QP980 with three parameters (current, time, force) 




Table 5.1.  The experimental sequence (Run Order) was randomized in order to minimize the 













    A B C     
1 27 -1 -1 -1 5.40 0.04 
2 19 -1 -1 1 2.34 0.00 
3 8 -1 1 -1 6.08 0.16 
4 16 -1 1 1 4.35 0.00 
5 9 1 -1 -1 7.51 1.07 
6 28 1 -1 1 6.72 0.10 
7 15 1 1 -1 7.10 0.96 
8 14 1 1 1 7.11 0.00 
9 26 0 0 0 6.25 0.00 
10 3 0 0 1 4.68 0.00 
11 11 0 0 -1 6.81 1.07 
12 22 0 1 0 7.55 0.11 
13 24 0 -1 0 4.28 0.00 
14 23 1 0 0 8.05 0.36 
15 4 -1 0 0 2.97 0.00 
16 21 -1 -1 -1 4.64 0.09 
17 7 -1 -1 1 2.72 0.05 
18 31 -1 1 -1 6.07 0.54 
19 18 -1 1 1 5.54 0.00 
20 1 1 -1 -1 7.41 0.38 
21 13 1 -1 1 6.34 0.00 
22 30 1 1 -1 7.34 0.67 
23 32 1 1 1 4.94 0.03 
24 33 0 0 0 6.17 0.04 
25 29 0 0 1 6.19 0.00 
26 6 0 0 -1 7.29 0.50 
27 5 0 1 0 7.19 0.41 
28 25 0 -1 0 4.09 0.24 
29 10 1 0 0 7.04 0.41 
30 17 -1 0 0 4.12 0.00 
31 20 0 0 0 6.31 0.22 
32 12 0 0 0 6.10 0.07 
33 2 0 0 0 6.25 0.06 




5.2 Regression Model for CCD 




Table 5.1 was determined by the least squares method with the aid of the Minitab software. All regressions 
were conducted on coded data. Table 5.2 shows the estimated coded coefficient (Coef) of each variable 
term for QP980GI in the regression model for nugget diameter and crack index along with their 
corresponding standard deviation (SDcoef), t-statistics (t-Stat) and probability (P) values determined at 5% 
significance level. Variable terms with P value smaller than 0.05 are A, B, C, AB, AC, BC, which are 
considered statistically significant for nugget diameter. For the crack index, the significant variables are A, 
B, C, AB, B2 and AC.  
Table 5.2: Estimated coefficient of the regression model 
Term Coef SDcoef t-Stat P 
Weld Diameter 
   
Constant 5.85 0.09 63.95 0.00 
A 1.22 0.09 12.97 0.00 
B 0.68 0.09 7.26 0.00 
C -0.62 0.10 -6.16 0.00 
A × B -0.37 0.12 -3.00 0.07 
A × C 0.34 0.12 2.72 0.01 
B × C 0.29 0.12 2.30 0.03      
Crack Index 
   
Constant 0.17 0.01 11.46 0.00 
A 0.12 0.02 6.56 0.00 
B 0.04 0.02 2.43 0.02 
C -0.14 0.02 -7.21 0.00 
A × C -0.10 0.03 -3.81 0.00 
A: current; B: time; C: force 
 
 
Therefore, the second-order models for nugget diameter and crack index in terms of coded units 
with all significant variables are given in Eqs. (5.1) and Eqs. (5.2) respectively. Y1, Y2, A, B and C are 
nugget diameter, crack index, weld current, weld time and electrode force respectively.  
 𝑌1 = 5.85 + 1.22𝐴 + 0.68𝐵 − 0.62𝐶 − 0.37𝐴𝐵 + 0.34𝐴𝐶 + 0.29𝐵𝐶 (5.1) 
 
 𝑌2 = 0.17 + 0.12𝐴 + 0.04𝐵 − 0.14𝐶 − 0.1𝐴𝐶 (5.2) 
The positive coefficients of variable terms in Eqs. (5.1) and Eqs. (5.2) indicate their synergistic effect, 
whereas negative sign indicates antagonistic effect. For example in Eqs. (5.1), 1.22A indicates that as the 




5.3 Model Adequacy Checking 
Table 5.3 shows the analysis of variance (ANOVA) of the regression model for the nugget diameter 
(Eqs. (5.1)) and crack index (Eqs. (5.2)). The regression model and each variable term (linear and 
interaction) in the model show P values less than 0.05, thus they are statistically significant. The high P 
value (P > 0.05) of lack-of-fit indicates that the model is adequate for predicting the nugget diameter and 
the crack index. To test the global fit of the model, the coefficient of determination (R2) were evaluated. 
The R2 for weld nugget diameter was 0.932 and for the crack index 0.714. The high R2 value for weld 
nugget diameter indicate that the model is highly significant for nugget diameter and provides a good 
estimate of the response within the experimental domain studied. On the other hand, the R2 value of the 
crack index, being at 0.714, indicate that the model can only estimate the response with moderate accuracy. 
This is due to the difficulty in correctly quantifying the distribution of LME cracks where both the crack 
depth and the number of cracks have to be considered.  
Table 5.3: ANOVA of the regression model 
Term DF Seq SS F P 
Weld Diameter 
    
Regression 6.00 65.41 47.89 0.00 
Linear 3.00 60.06 88.32 0.00 
Interaction 3.00 5.35 7.83 0.01 
Residual Error 26.00 4.78 
  
Lack-of-fit 8.00 2.23 1.42 0.27 
Pure error 18.00 2.55 
  
Total 32.00 70.19 
  
     
Crack Index 
    
Regression 4.00 0.86 24.33 0.00 
Linear 3.00 0.73 31.04 0.00 
Interaction 1.00 0.13 14.55 0.00 
Residual Error 28.00 0.34 
  
Lack-of-fit 10.00 0.21 1.55 0.17 
Pure error 18.00 0.13 
  
Total 32.00 1.20     
DF=degree of freedom; Seq SS=sequential sum of squares; 





5.4 Visualization of Interactions 
As shown in Eqs. (5.1) and Eqs. (5.2), current, time and force together with their interaction effects 
all play a part in controlling the nugget size and the crack index of the weld. The interaction between 
multiple factors make it difficult to gauge the change of individual factors on the response. For the ease of 
representation, Eqs. (5.1) and Eqs. (5.2) are converted to contour plots as shown in Figure 5.1. The 
interaction effects are expressed as curvatures of the contour lines. Figure 5.1 clearly identifies the effect 
of process variables on nugget diameter and the crack index of QP980GI in coded units. 
 
Figure 5.1: Contour plot of nugget size and crack index of QP980GI 
In terms of nugget size, Figure 5.1 shows that increasing weld current and weld time increases the 
nugget size due to increases in heat input. Decreasing electrode force increases nugget size as well due to 
increases in sheet-to-sheet interfacial resistance. In terms of the crack index, Figure 5.1 shows that decrease 
weld current and weld time decreases the crack index. At the same time, electrode force should be set at 
high to prevent cracking at high current and high weld time.  
The weld lobe diagram is a technique used to illustrate the range of weld current and weld time that 
can create acceptable weld nuggets [30]. In the weld lobe, the welding current and time are varied while 
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the other parameters such as weld force and hold time are kept constant. The left side of the lobe is defined 
by the minimum nugget size whereas the right size is defined by the occurrence of expulsion. 
A modified weld lob of QP980GI is developed in Figure 5.2 by combining the nugget diameter 
information in Figure 5.1(a) and crack index information in Figure 5.1(b). The lower boundary of the weld 
lobe is set to the contour line of the minimum nugget diameter whereas the upper boundary is set to the 
contour line of the crack index being 0.2 instead of the expulsion current. Within the weld lobe, depicted 
in green, the resultant weld nugget would be above the minimum nugget size and have a crack index smaller 
than 0.2. A crack index of 0.2 is chosen to be the upper boundary so that the resultant weld would have a 
predicted strength loss less than 10% [62]. The data for expulsion current is also super-imposed into Figure 
5.2 to visualize the effect of LME cracking on the shrinkage of the traditional weld lobe governed by 
expulsion current.   
 
Figure 5.2: Modified weld lobe of QP980GI 
In Figure 5.2, the contour line of the 0.2 crack index and the expulsion boundary slightly overlap 
with each other. In this case, LME cracking has minimal affect on the size of the traditional weld lobe. On 
the other hand, if a crack index of 0.1 were set as the upper boundary, the contour line for the crack index 
would shift left. This would not only cause it to no longer overlap with the expulsion boundary but also 
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reduce the weld lob significantly. As a result, the degree at which LME affects the weld lobe is dependent 
on the industry tolerance of LME cracks and the associated strength loss.  
 
5.5 Comparison of Weld Lobes across Materials 
In Figure 5.2, LME cracking marginally reduces the size of the traditional weld lobe for QP980GI 
with a crack index of 0.2. The same analysis was conducted to investigate if QP1180GI and DP980GI have 
similar trends between their expulsion current and crack index. The results of their modified weld lobes are 
plotted in Figure 5.3. The contour lines of the crack index is set at 0.2.  
 
Figure 5.3: Modified weld lobe of QP1180GI, QP980GI and DP980GI.  
In Figure 5.3, the expulsion current for each GI steel follows a similar trend. When the weld time 
is low, the steel would expulse at the high current setting. When the weld time is high, the steel would 
expulse at the mid point between the low and medium current setting. A consistent trend of expulsion 
current observed across steels helps to compare it with the contour line of the crack index set at 0.2. 
The contour line of the crack index varies greatly across steel types. For both QP steel, the contour 
line of the crack index either run close to the expulsion boundary or intersect with it. For QP1180GI, the 
contour line of the crack index intersects with the expulsion boundary and restricts the weld lobe at low 
current and high weld times. On the other hand, the contour line of the crack index for DP980GI does not 
intersect with the expulsion boundary and does not restrict the weld lobe. The weld lobe of the GI coated 
DP980 appears to be the least affect by LME cracking. This observation is inline with the hot tensile test 
results where the GI coated DP980 experienced the least ductility loss.  
To quantify the degree at which each steel is affect by LME cracking, the average crack for each 
steel is shown in Figure 5.4.  The average crack index for each material is calculated as the average of the 
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LME crack index measurements from all 33 process conditions used for the CCD. For example, the average 




Table 5.1. As shown in Figure 5.4, QP1180GI have the highest average crack index, followed by 
QP980GI, and then DP980GI. This material ranking is also inline with the average ductility loss ranking 
from hot tensile testing in Figure 4.15 of Section 4.5.  
 
 
Figure 5.4: Average crack index of GI coated QP1180, QP980 and DP980 
 
5.6 Effect of Coating Chemistry on LME during RSW 
The average crack index for each GA coated steel is compared with their GI coated counterpart in 
Figure 5.5. The average crack index for each steel is calculated by taking the average of the sum of the 
crack indexes for all welding conditions across the experiment space. As shown in Figure 5.5, the GA 
coated steels are far less susceptible to LME than their GI coated counterpart regardless of the material type 
or strength. This observation is also in line with the findings during hot tensile testing. The GA coated steels 
are less susceptible than their GI coated counterpart because the GA coating contains less Zn than the GI 
coating as it is thinner and alloyed with Fe. The Fe alloying also causes the melting point of the GA coating 
to be 250°C higher than the GI coating. Detailed explanation on the chemistry of the coatings is in Section 




Figure 5.5: Average crack index of GI and GA coated steels 
 
5.7 Relationship between Hot Tensile Testing and Welding Results 
Hot tensile testing has the benefit of evaluating a material’s LME susceptibility regardless of the 
welding schedule. As a result, it is easy to compare multiple materials’ susceptibility to LME via hot 
tensile testing whereas it is difficult to do the same via RSW. However, hot tensile testing might not 
appropriately replicate the stress and heating conditions during actual spot welding[55]. Scholars have 
compared LME susceptibility in steels only via hot tensile testing  and some even arrived at conflicting 
results[47,49]. There is no general consensus on whether the LME susceptibility obtained from hot tensile 
testing corresponds well with the LME cracking results of RSW. 
In this study, the LME susceptibility of materials during hot tensile testing is quantified via the 
average ductility loss shown in Figure 4.15. The LME cracking during RSW is quantified via the average 
crack index shown in Figure 5.5. The comparison of steel susceptibility using both metrics is illustrated in 
Figure 5.6. Both metrics in Figure 5.6 reveal the same trend in LME susceptibility between steels. Both 
tests show that GA coated steels are less susceptible to LME than their GI coated counterparts are; QP 
steel is more susceptible to LME than DP steel of the same strength; Stronger steels are more embrittled 
than weaker steels. More importantly, Figure 5.6 shows that the LME result from hot tensile testing is 
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relevant to RSW and vice versa. Furthermore, the comparison between hot tensile testing and welding 
results is a novel contribution that has not been achieved before. 
 
    
Figure 5.6: Comparison between the average ductility loss from hot tensile testing and average 
crack index from RSW. Both metrics show the same trend between steels 
 
5.8 Summary 
Central composite design (CCD) was discovered to be a suitable method to evaluate the effect of 
welding parameters on both nugget size and crack index. The model obtained from CCD was able to provide 
good estimation of the nugget size within the experimental region. Parameters that increase heat input 
increases nugget size. The model for crack index could only provide moderate estimation of the crack index 
within the experimental region due to the challenge in accurately quantifying the distribution of LME cracks 
in both length and quantity. However, the model still identified statistically significant terms that contribute 
to LME cracking. 
The weld lobe of materials were not equally affected by LME. The weld lobe of DP980GI was 
completely unaffected whereas the low current and high weld time region of the lobe for QP1180GI was 
restricted. The influence of each welding parameter on LME cracking varies depending on the steel and it 
is best to evaluate new steels on an individual basis.  
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The materials are ranked from the most LME susceptible to the least by comparing their average crack 
index from spot welding. QP1180GI was determined to be the most LME susceptible, followed by 
QP980GI, and then DP980GI. GA coated steels were also far less susceptible to LME than their GI coated 
counterparts. The same trend was also observed during hot tensile testing. Therefore, hot tensile testing 





Chapter 6 Suppression of LME via Aluminum Interlayer 
As discussed in Chapter 5, the welding parameters have a large impact on the LME severity during 
RSW. Furthermore, LME can be reduced by selecting welding parameters that are not favourable for it to 
occur. This entails reducing the heat input by lowering the weld current, lowering the weld time, and 
increasing the electrode force. However, this method is not ideal as it restricts the weld lobe. 
In this chapter, LME cracking in TRIP 1100 and TRIP 1200 steels was suppressed by placing 
aluminum interlayers added between the electrode and steel contact surface. Compared to welds exhibiting 
LME, TRIP 1100 with aluminum interlayers showed complete strength recovery while TRIP 1200 with 
aluminum interlayers resulted in a recovery of strength by 90%. Aluminum interlayers suppress LME by 
formation of iron aluminides that hinder liquid Zn from coming in contact with the steel substrate, thus 
preventing LME. 
 
6.1 Metallography Examination 
Weld nuggets in the coated condition and aluminum interlayer condition were cross-sectioned and 
examined using a stereo microscope.  As shown in Figure 6.1, long cracks (>300 μm) were observed in the 
cross-section in zinc coated TRIP 1100 while no cracks were observed in the cross-section in aluminum 
interlayer TRIP1100 in Figure 6.2. The stereo-micrographs show that aluminum interlayer is a potential 
method of suppressing LME. Further analysis is required to quantify the degree at which LME is suppressed 
and to understand the reactions responsible for the observed decrease in LME. 
 





Figure 6.2 Zinc coated TRIP 1100 sample welded with aluminum interlayer, free of LME cracks 
The number of cracks per sample is one indicator of LME severity [50]. A reduction in number of 
cracks would further qualify the use of aluminum interlayers as a successful suppression method. For both 
TRIP 1100 and TRIP 1200 in Figure 6.3 and Figure 6.4, when aluminum interlayers were used, the number 
of cracks observed between all crack lengths was greatly reduced. Use of the aluminum interlayer is slightly 
less effective in TRIP 1200 than in TRIP 1100 since more cracking between 10 μm and 25 μm long was 
observed for aluminum interlayer TRIP 1200 samples.  
Through the use of aluminum interlayers, the average length of cracks decreased as well. Compared 
to coated samples in Figure 6.5, the average crack length for TRIP 1100 samples decreased by 70% while 
the average crack length for TRIP 1200 samples decreased by 30%. Aluminum interlayer is less effective 
in the reduction of crack length in TRIP 1200 than in TRIP 1100 possibly due to a difference in base 
material chemistry. TRIP 1200 has higher manganese content that helps to stabilize austenite formation. 
Higher austenite content in TRIP 1200 leads to more LME cracking that requires more aluminum interlayer 
to fully suppress LME [2,83].  
The crack index, a method that can account for both crack length and number of cracks, was also 
used to evaluate cracking [67]. As shown in Figure 6.6, using aluminum interlayers to weld the TRIP 1100 
and TRIP 1200 reduced the cracking index for both materials by over 85%. As fewer cracks were seen, and 
the cracks were shorter, there was less crack initiation along the load path, and the cracks that did initiate 
did not propagate as far. The low cracking index indicates that there should be minimal deteriation of spot 













Figure 6.5: Average crack length for all material conditions 
 





6.2 Lap Shear Tensile Strength 
LME cracks, from the zinc coating, was responsible for 30% decrease in lap shear strength in both 
the TRIP 1100 and TRIP 1200 as seen in Figure 6.7. With the use of aluminum interlayers, a full strength 
recovery was observed for TRIP 1100 while a 90% strength recovery was observed for TRIP 1200. The 
cause of the incomplete strength recovery in TRIP 1200 is the existence of some small remaining cracks 
after the application of aluminum interlayer as shown in Figure 6.5. The incomplete strength recovery of 
TRIP 1200 compared to TRIP 1100 is consistent with their crack index where the crack index of TRIP 1200 
remained higher than TRIP 1100 after the application of aluminum interlayer. However, a full strength 
recovery should be possible for TRIP 1200 with optimized aluminum interlayer thickness and welding 
parameters.  
RSW made with aluminum interlayers was able to highly reduce the degree of LME cracking, 
resulting in a strength recovery up to that of the welds in the uncoated material. As a result, welds with 
aluminum interlayers are fit to carry static loads in service life.  
 
Figure 6.7 Mean lap shear strength comparison for TRIP 1100 & TRIP 1200 in bare, coated and 




6.3 Analysis of LME Crack Suppression 
To understand the reactions responsible for the observed decrease in LME, SEM and EDX analysis 
were conducted on the surface region of zinc coated and aluminum interlayer cross-sections. For the zinc 
coated sample in Figure 6.8, a layer of iron-zinc intermetallic was detected on the steel surface, signifying 
that liquid zinc was in contact with steel during heating, making the material susceptible to LME. Cross-
sections of the sample welded using aluminum interlayer in Figure 6.9 showed a layer of iron-aluminum 
intermetallic on the surface of the steel, while there was no clear indication of the presence of zinc. Figure 
6.8 and Figure 6.9 show that the addition of aluminum caused iron to form iron-aluminum intermetallic at 
the steel surface, instead of the iron-zinc intermetallic, which formed when aluminum interlayers were not 
used. The formation of iron-aluminum intermetallic played a role in protecting the steel substrate from 
LME cracking.  
 
Figure 6.8 (A) SEM image of welded sample of zinc coated TRIP1100 (B) EDX map for iron (C) 
EDX map for zinc showing zinc distribution on steel surface (D) EDX map for aluminum showing 
only noise is detected 
 
Figure 6.9 (A) SEM image of welded sample of TRIP1100 with aluminum interlayer (B) EDX map 
for iron (C) EDX map for zinc showing only noise is detected (D) EDX map for aluminum showing 
aluminum distribution on steel surface 
At locations where sufficient liquid zinc initiated LME cracking, iron-aluminum intermetallic and 
trace amounts of zinc was observed in the LME cracks of aluminum interlayer samples.  Figure 6.10 are 
images of an aluminum interlayer sample containing one LME crack 20 μm in length. As shown in Figure 
6.10(c,d), LME cracking for aluminum interlayer samples is mostly filled up by aluminum and only shows 
trace amounts of zinc. During welding, a pocket of liquid zinc likely initiated the LME crack before the 
76 
 
liquid aluminum sufficiently mixed with the liquid zinc. After sufficient time, the liquid aluminum and zinc 
mixed and then the liquid aluminum-zinc alloy was drawn into the crack.  The aluminum from the 
aluminum-zinc mixture reacted with the base material along the crack walls to form the observed iron-
aluminum intermetallic. Not only did the aluminum-zinc mixture result in forming a protective layer on the 
crack wall, but it also reduced the zinc content that the steel was exposed to, preventing further propagation 
of the LME crack.  
 
Figure 6.10 (A) SEM image of welded sample of aluminum interlayer TRIP1100 with LME crack 
(B) EDX map for iron (C) EDX map for zinc showing trace amounts of detected zinc in LME crack 
(D) EDX map for aluminum showing aluminum distribution in LME crack 
From the analysis of welds made with aluminum interlayers, iron-aluminum intermetallic were 
seen both on the steel surface and in the LME cracks, resulting in the rejection of zinc from these areas and 
protection of the steel substrate from LME. To characterize the iron-aluminum intermetallic, EDX analysis 




Table 6.1. EDX results show that the intermetallic layer has an aluminum atomic percentage 
between 60-70% while minimal zinc was detected. Referring to the iron-aluminum phase diagram in Figure 
6.11 [84], the intermetallic is most likely consisting of a mixture of FeAl, FeAl2, and Fe2Al5 iron aluminides. 
It has been reported in literature that iron aluminides have formation energies an order of magnitude more 
negative than iron-zinc intermetallic [85–87], meaning that iron preferentially reacts with aluminum rather 
than zinc. This explains the observations in Figure 6.9 and Figure 6.10 that showed even in a zinc rich 
environment, iron formed intermetallic with aluminum instead of zinc. The observation from this study are 
consistent with mechanisms observed during hot dip galvanization of steel, where aluminum is added to 
zinc galvanizing bath to “inhibit” iron-zinc intermetallic compounds from forming [15,79,88,89]. During 
hot dip galvanizing the iron-aluminum intermetallic layer acts as an inhibition layer and hinders reaction 




Table 6.1 EDX Spectrums showing atomic percentage of various elements from Figure 6.9(a). 
Spectrum Fe at.% Al at.% Zn at.% Cu at.% 
Spectrum 1 35.31 59.68 0.89 4.12 
Spectrum 2 24.71 71.35 0.58 3.37 
 
 
Figure 6.11 Fe-Al phase diagram[84] 
Liquid zinc is a main factor in the initiation of LME, as zinc was not observed in the electrode 
indent for the aluminum interlayer samples, it is critical to locate it in the weld. During the RSW process, 
the coatings under the electrode indent melt and get squeezed outside the shoulder of the electrode indent. 
The formation of iron aluminides acts as a wetting barrier that helps the coating get completely squeezed 
out [90], leaving no zinc under the electrode indent. While only zinc was detected in the squeeze-out for 
zinc coated samples in Figure 6.12, both zinc and aluminum was detected in the squeeze-out for aluminum 
interlayer samples in Figure 6.13. EDX analysis was conducted on the squeeze-out from the aluminum 
interlayer sample in Figure 6.13 and the results are listed in Table 6.2. EDX results show that the weight 
ratio between the zinc and aluminum in the squeeze out is approximately 1:1, same as the weight ratio 
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between the original zinc coating and aluminum interlayer prior to welding. Furthermore, the cross-
sectional area of the squeeze out in Figure 6.13, measuring 0.167 cm2, is similar with the combined cross-
sectional area of the zinc coating and aluminum interlayer in the electrode indent prior to welding, which 
was calculated to be 0.149 cm2. This shows that the squeeze-out detected outside the shoulder of the weld 
is the aluminum-zinc liquid alloy that came from the electrode indent during welding. 
 
Figure 6.12 (A) SEM image of welded sample of zinc coated TRIP1100 outside the shoulder of the 
electrode indent (B) EDX map for iron (C) EDX map for zinc showing zinc distribution in squeeze 
out (D) EDX map for aluminum showing only noise is detected 
 
Figure 6.13 (A) SEM image of welded sample of aluminum interlayer TRIP1100 outside the 
shoulder of the electrode indent (B) EDX map for iron (C) EDX map for zinc showing zinc 
distribution in squeeze out (D) EDX map for aluminum showing aluminum distribution in squeeze 
out 
 
Table 6.2 EDX analysis from Figure 6.13(b) 
Spectrum Fe wt.% Al wt.% Zn wt.% Cu wt.% 
Spectrum 3 5.55 40.12 41.60 12.73 
 
Results from the analysis of LME crack suppression show that the aluminum interlayers result in the 
formation of iron aluminides. Iron aluminides hinder liquid zinc from contacting the steel substrate during 
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welding, preventing LME. The remaining aluminum-zinc liquid alloy is pushed outside the shoulder of the 
weld indent before solidification.  
 
6.4 Summary 
Aluminum interlayers can significantly suppress LME cracking of TRIP steel, shown by the reduced 
frequency and length of the LME cracks seen after welding. Zinc coated TRIP samples with aluminum 
interlayers were resistance spot welded and tested alongside coated samples and uncoated samples. While 
the strength of welds in zinc coated steels were considerably lower than the weld strengths in uncoated steel, 
due to LME cracking, welding with an aluminum interlayer resulted in either similar or slightly lower weld 
strengths measured from welds that were not affected by LME. Analysis of LME crack suppression shows 
that aluminum interlayers suppress LME in TRIP steel welds by the formation of iron aluminides that hinder 




Chapter 7 Conclusion and Future Work 
7.1 Conclusion 
Six combinations of steels and coatings are invested in this study to not only gauge their LME 
susceptibility, but also identify factors that influence the LME susceptibility of steels in general.  
Hot tensile testing was the first tool used. It has the benefit of evaluating a material’s LME 
susceptibility regardless of the welding schedule. Through hot tensile testing, ductile fracture was 
observed for the bare steels whereas brittle, intergranular fracture was observed for steels affected by 
LME. 
By examining hot tensile testing data together with dilatometry results, it was discovered that the 
austenite content of the steels’ microstructure, Si content in the steels’ chemistry and the type of Zn coating 
all influence the behavior of the ductility trough of the examined steels. As the austenite content of the steel 
increased, the ductility loss caused by LME increased as well. Approximately 18 vol.% to 31 vol.% 
austenite is the minimum amount required to trigger the rise in ductility loss of all the studied steels. In 
addition, steels containing a low Si content are more likely to form a layer of Fe-Zn intermetallic that acts 
as a barrier to suppresses LME at temperatures below 670°C. It was also discovered that the GA coated 
steels are far less susceptible to LME than their GI coated counterparts due to it being thinner and containing 
25 wt.% Fe in its coating.  
Using the hot tensile testing data, the LME susceptibility of the steels are ranked via their average 
ductility loss.  QP1180GA is the most LME susceptible steel while DP980GA is the least. To complement 
the hot tensile testing results, resistance spot welding tests were done. The cracking index from resistance 
spot welding shows the same material ranking in LME susceptibility as the hot tensile testing data. This 
shows that the LME susceptibility obtained from hot tensile testing is relevant to resistance spot welding 
and vice versa. Furthermore, the comparison between hot tensile testing and welding results is a novel 
contribution that has not been achieved before.  
A mathematical model capable of estimating the crack index within the weld lobe of each material 
was also developed through resistance spot welding. The model showed that the weld lobe of materials 
where not equally affected by LME. Furthermore, it identified regions within the weld lobe where welds of 
sufficient size could be made while minimizing LME cracks.  
GA coated steels being less susceptible to LME than their GI coated counterpart showed that its 
possible to suppress LME by changing the chemistry of the coating. It was discovered that aluminum 
interlayers can significantly suppress LME cracking of TRIP steel, shown by the reduced frequency and 
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length of the LME cracks seen after welding. Zinc coated TRIP samples with aluminum interlayers were 
resistance spot welded and tested alongside coated samples and uncoated samples. While the strength of 
welds in zinc coated steels were considerably lower than the weld strengths in uncoated steel, due to LME 
cracking, welding with an aluminum interlayer resulted in either similar or slightly lower weld strengths 
measured from welds that were not affected by LME. Analysis of LME crack suppression shows that 
aluminum interlayers suppress LME in TRIP steel welds by the formation of iron aluminides that hinder 
liquid zinc from coming in contact with the steel substrate, preventing LME. 
7.2 Future Work 
This work has shown that the ductility loss caused by LME increases with the austenite content of 
the steel. While austenite is an important factor in the occurrence of LME, QP steels were observed to be 
susceptible to LME at 500°C and 600°C having less than 10% austenite. Barthelmie et al. also observed 
ductility loss of FeMn steel at temperatures as low as 450°C during hot tensile testing [53]. These 
observations indicate that the current theories on the effect of austenite content on LME susceptibility is 
incomplete, especially for temperatures below 600°C. Furthermore, theories on the effect of austenite 
content on LME susceptibility is predicated on steels that are only susceptible to LME above 700°C, a 
temperature where plenty of austenite is already present [2,37,45,49]. While austenite phase content 
influences LME severity at elevated temperatures, it is possible that another LME mechanism exists at 
low temperatures where it is less dependent on the austenite phase content. In the future, more hot tensile 
tests should be conducted below 600°C for GI coated QP980 and QP1180 to fully investigate this 
phenomenon.  
In terms of preventing LME, while using the aluminum interlayer is a viable method, more work is 
required to optimally apply this technology in an industrially setting. More testing must be carried out both 
on understanding the effect of welding with interlayers on various types of AHSS and on optimizing the 
interlayers for use with various joint combinations. There may also be alternative elements that are more 
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